Colorectal cancer has the second highest cancer-related mortality rate, with an estimated 881,000 deaths worldwide in 2018. The urgent need to reduce the incidence and mortality rate requires innovative strategies to improve prevention, early diagnosis, prognostic biomarkers, and treatment effectiveness. Caloric restriction (CR) is known as the most robust nutritional intervention that extends lifespan and delays the progression of age-related diseases, with remarkable results for cancer protection. Other forms of energy restriction, such as periodic fasting, intermittent fasting, or fasting-mimicking diets, with or without reduction of total calorie intake, recapitulate the effects of chronic CR and confer a wide range of beneficial effects towards health and survival, including anti-cancer properties. In this review, the known molecular, cellular, and organismal effects of energy restriction in oncology will be discussed. Energy-restriction-based strategies implemented in colorectal models and clinical trials will be also revised. While energy restriction constitutes a promising intervention for the prevention and treatment of several malignant neoplasms, further investigations are essential to dissect the interplay between fundamental aspects of energy intake, such as feeding patterns, fasting length, or diet composition, with all of them influencing health and disease or cancer effects. Currently, effectiveness, safety, and practicability of different forms of fasting to fight cancer, particularly colorectal cancer, should still be contemplated with caution.
lipemia [15] , adherence, blood glucose, and anthropometric and lipid parameters [23] . It should be noted that these studies were performed with relatively small groups and for short periods of time, mostly ≤26 weeks. Therefore, larger and longer studies are pending to confirm these results. In any case, there is a general consensus in the field that both types of ER are similarly effective for weight loss and improvement of insulin sensitivity.
In many animal models ranging from yeasts to mice, ER has consistently been shown to extend lifespan [26] . In rhesus monkeys, CER delayed the appearance of age-related diseases and had a partial beneficial effect on total lifespan, indicating that CER also delays aging in non-human primates [27] . In humans, the longest nutritional trial conducted to date, the CALERIE (Comprehensive Assessment of Long Term Effects of Reducing Intake of Energy) study, subjected young non-obese human volunteers for 2 years to 25% CER in their phase 2 study group. In the absence of unsafe or detrimental effects, long-term CER reduced basal metabolic rate and metabolic syndrome score, and improved multiple systemic markers for cardiometabolic health, including reduced LDL-cholesterol, total cholesterol to HDL-cholesterol ratio, systolic and diastolic blood pressure, C-reactive protein, leptin, fasting insulin, insulin sensitivity index, thyroid hormones T3 and T4, nighttime core body temperature, and markers of oxidative damage (urinary F2-isoprostane); and increased adiponectin levels [28, 29] . These results, although not conclusive, indicate that ER in humans can have an anti-aging effect, similar to that observed in all other animal models tested. Safe IER alternatives (i.e., alternate day fasting, time restricted feeding, or FMD) to CER have also shown to improve molecular markers of aging in healthy individuals [30] [31] [32] 
Energy Restriction in Oncology
The fact that ER can delay cancer in animal models was first described in the 1980s [33] . Subsequent studies in mice or rats [34] have shown that CER inhibited spontaneous neoplasias in p53-deficient mice [35] ; chemically-induced mammary [36] , liver [37] , or bladder [38] tumors; or radiation-induced tumors [39] . IER has been shown to prevent tumor formation in several mouse and rat models [40] , including MMTV (mouse mammary tumor virus)-induced mammary tumors [41] [42] [43] [44] [45] ; p53-deficient mice [46] ; xenografted lung, ovarian, and liver tumor cell lines in nude mice [47] ; and prostate tumor models [48, 49] . Some reports, however, did not detect any protection in mice by IER from spontaneous mammary [50] [51] [52] or prostate [53, 54] tumors, and others even showed increased tumor incidence with IER in chemical models of colon [55] or liver [56] cancers. For a more dedicated revision of these interventions in animal models, refer to [57] . Remarkably, in these last cases, IER began several days after the chemical insult was induced, suggesting that the precise timing of IER can be of great importance. Importantly, CER reduced the spontaneous appearance of cancer in rhesus monkeys [27] .
In addition to a cancer-preventive effect of ER, more recent reports have consistently shown that ER can enhance the anti-tumor effect of chemotherapy, the standard therapy for most tumors [58] . In particular, fasting in mice with xenografted tumors of different origins enhanced the anti-tumor effects of several tyrosine kinase inhibitors [59] or other drugs [60] , of temozolomide or radiation in glioblastoma xenografts [61] , and of gemcitabine in pancreas xenografts [62] . Of note, 50% calorie restriction in glioblastoma-xenografted mice did not reproduce the cisplatin-sensitizing effects of fasting [63] . Apart from ER, fasting mimetic compounds have also been described to enhance chemotherapy effectiveness, as happened with the autophagy inducer hydroxycitate [64] or with the so-called fasting-mimicking diets [65] . In these last two reports, ER or ER mimetics enhanced chemotherapy efficacy by reducing the recruitment of immunosuppressing regulatory T cells and promoting the recruitment cytotoxic CD8+ cells to the tumor, suggesting for the first time an immunological component in the ER-mediated chemotherapy enhancement.
Anther very relevant beneficial effect of fasting during chemotherapy administration is the reduction in toxicity, which was first described in several mouse models in what was termed "differential stress resistance (DSR)" [66, 67] . ER downregulates intracellular myogenic signaling, slows metabolism, increases mitochondrial efficiency, and reduces oxidative stress, leading to cell cycle arrest and increased resistance to stress [28] . In cancer cells, uncontrolled activation of growth signals and loss of antiproliferative signals by mutations in tumor suppressor genes impairs ER-induced stress protection [68] . Therefore, fasting protects from chemotherapy, radiotherapy, or tyrosine kinase inhibitor (TKI) toxicity in healthy cells but not tumor cells, leading to increased efficiency of these agents, known as "differential stress sensitization" (DSS) [59] [60] [61] 66, [69] [70] [71] [72] . Most importantly, this protective effect of fasting was reproduced in two randomized clinical trials with human patients with breast [73] or breast and ovary [74] tumors. Two other reports mixing different tumor types reported that fasting for up to 72 h was safe and feasible in combination with chemotherapy [75, 76] . Finally, feasibility and adherence for a completed clinical trial testing reduced calorie intake prior to surgical prostatectomy in prostate cancer patients was published, although no data on tumor markers is available yet [77] . These promising findings paved the way for several new ongoing clinical trials aimed at applying ER-based strategies for the prevention of cancer development, improvement of cancer chemotherapy effects, and reduction of chemotherapy-associated toxicity (see Table 1 and Figure 1 , left side), although no new publication is available yet. induced stress protection [68] . Therefore, fasting protects from chemotherapy, radiotherapy, or tyrosine kinase inhibitor (TKI) toxicity in healthy cells but not tumor cells, leading to increased efficiency of these agents, known as "differential stress sensitization" (DSS) [59] [60] [61] 66, [69] [70] [71] [72] . Most importantly, this protective effect of fasting was reproduced in two randomized clinical trials with human patients with breast [73] or breast and ovary [74] tumors. Two other reports mixing different tumor types reported that fasting for up to 72 h was safe and feasible in combination with chemotherapy [75, 76] . Finally, feasibility and adherence for a completed clinical trial testing reduced calorie intake prior to surgical prostatectomy in prostate cancer patients was published, although no data on tumor markers is available yet [77] . These promising findings paved the way for several new ongoing clinical trials aimed at applying ER-based strategies for the prevention of cancer development, improvement of cancer chemotherapy effects, and reduction of chemotherapyassociated toxicity (see Table 1 and Figure 1 , left side), although no new publication is available yet. Importantly, implementation of energy restriction for cancer prevention purposes is mostly carried out in overweight and obese populations. The word cloud (right side) shows essential variables or factors that impact the response to energy restriction, as well as necessary precautions that need to be contemplated for the use of energy restriction in oncology. Note: CR = caloric restriction; CRC = colorectal cancer; IER = intermittent energy restriction; FMD = fasting-mimicking diet; ER = energy restriction; BMI = body mass index; MetS = Metabolic Syndrome; CALERIE ((Comprehensive Assessment of Long term Effects of Reducing Intake of Energy) is composed of three different clinical trials (NCT00099151, with BMI 25-30; NCT00427193, with BMI ≥ 22 and <28; and NCT00099099, with BMI 25-30). Importantly, implementation of energy restriction for cancer prevention purposes is mostly carried out in overweight and obese populations. The word cloud (right side) shows essential variables or factors that impact the response to energy restriction, as well as necessary precautions that need to be contemplated for the use of energy restriction in oncology. Note: CR = caloric restriction; CRC = colorectal cancer; IER = intermittent energy restriction; FMD = fasting-mimicking diet; ER = energy restriction; BMI = body mass index; MetS = Metabolic Syndrome; CALERIE ((Comprehensive Assessment of Long term Effects of Reducing Intake of Energy) is composed of three different clinical trials (NCT00099151, with BMI 25-30; NCT00427193, with BMI ≥ 22 and <28; and NCT00099099, with BMI 25-30). Table 1 . Clinical trials on energy restriction (ER) and cancer. Clinical trials posted in the ClinicalTrials.gov public database including the keywords "diet", "fasting", "cancer", "energy restriction", "calorie restriction", or "caloric restriction". The list includes trials with a well-defined ER intervention, either as a preventive strategy or in combination with anti-cancer treatment (chemotherapy, radiotherapy, surgery, or a combination of these strategies In combination with anti-cancer therapy Glioblastoma Energy-restricted ketogenic diet (ERKD) (metabolic nutritional therapy). Total calories consumed by each subject will be targeted to 20 to 25 kcal/kg/day. If the tumor has decreased in size or the size has remained the same then subjects will be continued on the ERKD for an additional 6 weeks and a repeat MRI will be obtained.
MRI imaging will be used to measure changes in brain tumor size. (Time Frame: 6 weeks after completion of radiation therapy).
Results of the metabolic therapy will be assessed by comparing MRI images obtained at the beginning of the study with those after completion of radiation therapy and after an additional 6 weeks of metabolic therapy. Diet plans and recommendations will be based on the individual's nutritional status, symptoms, and treatment side-effects; socioeconomic and cultural preferences; as well as the WCRF/AICR guidelines adapting 1.5 g/kg/d of dietary protein, and when required, a caloric restriction (500-1000 kcal/d). Garlic and cruciferous vegetables will be encouraged, as well as 5-9 servings of fruits and vegetables a day. The program will be based on the macronutrient meal equivalent menu method, and standard food servings will be based on the Mexican Food Equivalent System. Breast cancer patients follow-up will be every 2 weeks and a different diet menu will be provided in each session by a specialized dietitian, until 6 months treatment is completed. This study will include nutritional and medical evaluation, a 3 day inpatient hospital stay eating a diet providing 50% of what they were taking before starting the study, and then a nutritionally adequate diet that will allow them to lose about 10% of their initial weight within a 7-to 10-week period. They will have about 4-5 g of fat removed by suction through a syringe and a biopsy of the skin in addition to studies of blood and stool samples. Both arms will receive the same intervention: a healthful diet plus exercise intervention to promote a weight loss of up to 2 pounds/week. The only difference is the timing of the delivery of the intervention (immediate vs. delayed).
Changes in tumor proliferation rate (Ki-67) over the presurgical study period (minimum of 3.5 weeks, up to 24 weeks) will be explored and compared between the intervention and wait list control arms. PRT will be done with resistance bands; participants will receive instruction on three resistance band exercises (triceps, biceps, and shoulder overhead) from an American College of Sports Medicine (ACSM) certified exercise specialist. Participants will also receive dietary counseling from a registered dietitian on correcting nutrient deficiencies that are detected during analysis of their 2-day dietary recalls.
-Experimental: PRT and a healthy diet plus weight loss. This arm will receive all components of the active comparator arm, plus counseling to achieve a weight loss of 1.5-2 pounds/week. Participants will be trained on how to achieve this caloric deficit through both dietary restriction and increased physical activity. Weight loss will be promoted via a healthy, nutritionally adequate diet consistent with American Cancer Society guidelines. Protein levels will be based on 0.8 g/kg body weight. The distribution of food groups will be customized for preferences. An exercise program will be tailored taking into account kcal expenditure for various activities at a specific body weight; expenditures of 200-400 kcal/day will serve as a goal. Aerobic training of large muscles (legs) will be emphasized to achieve a greater kcal deficit; ramping of intensity and volume over time will be pursued as per the ACSM guidelines. Participants will train once weekly while supervised by an exercise physiologist and daily at home. Intervention: Behavioral and experimental: PRT and a healthy diet, plus weight loss. Chemolieve ® , a plant-based FMD that provides~300 calories/fasting day and includes all the food to be consumed during the dietary intervention, including supplements. Subjects will start the diet 3 days prior to chemo-immunotherapy and continue on the first day of chemo-immunotherapy for the first 4 cycles of therapy.
To determine the effect of fasting-mimicking diet (FMD) on circulating tumor cells (CTCs) in patients with advanced NSCLC receiving chemo-immunotherapy. Primary endpoint of this study is to assess the improvement in response to therapy for patients undergoing short-term starvation before chemotherapy of solid tumors in comparison to patients without dietary restrictions. Response to therapy on MRI or CT scans will be measured using the RECIST criteria version 1.1. 
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Fundamental Metabolic and Systemic Adaptations Induced by Energy Restriction in Oncology
ER induces a plethora of physiological and biochemical changes. At the organismal level, ER is associated with reduction of body weight, central adiposity, chronic inflammation, enhancement of insulin sensitivity, and improvement of metabolic flexibility. Metabolic flexibility is defined as the organismal capacity to respond and adapt fuel selection between glucose, fatty acids, and proteins to the physiological state, metabolic demand, or energy or nutrient availability. Comprehensively, metabolic inflexibility plays a major role in the transition between health and disease and is correlated with an increased risk of certain types of cancers [78, 79] . Systemically, ER also modulates numerous circulating factors (Figure 2 ), including growth factors and energy-balance-related hormones, many of which have previously been associated with cancer development and can help explain the anti-cancer effects of ER.
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ER induces a plethora of physiological and biochemical changes. At the organismal level, ER is associated with reduction of body weight, central adiposity, chronic inflammation, enhancement of insulin sensitivity, and improvement of metabolic flexibility. Metabolic flexibility is defined as the organismal capacity to respond and adapt fuel selection between glucose, fatty acids, and proteins to the physiological state, metabolic demand, or energy or nutrient availability. Comprehensively, metabolic inflexibility plays a major role in the transition between health and disease and is correlated with an increased risk of certain types of cancers [78, 79] . Systemically, ER also modulates numerous circulating factors (Figure 2 ), including growth factors and energy-balance-related hormones, many of which have previously been associated with cancer development and can help explain the anticancer effects of ER. Insulin, insulin-like growth factors 1 and 2: Calorie restriction and intermittent fasting decrease the levels of fasting blood insulin [80] [81] [82] . As for the related hormones insulin-like growth factors 1 and 2 (IGF-I and IGF-II), intermittent fasting and protein-restriction, but not calorie restriction, were shown to reduce IGF-I levels [83] . Importantly, high levels of fasting blood insulin have been associated with increased risk of cancer in general [84] , and more precisely, of breast [85] , pancreas [86] , and prostate [87, 88] cancers. For colorectal carcinoma, there is conflicting evidence; while some studies detected increased risk of CRC in patients with high fasting blood insulin [89] , other studies failed to detect this association [90] [91] [92] . Likewise, whereas some studies associate IGF-I or IGF-II with increased risk of colorectal carcinoma [93, 94] and several other types of tumors [95] [96] [97] , other reports failed to detect this association [98] [99] [100] [101] [102] [103] [104] . Insulin, insulin-like growth factors 1 and 2: Calorie restriction and intermittent fasting decrease the levels of fasting blood insulin [80] [81] [82] . As for the related hormones insulin-like growth factors 1 and 2 (IGF-I and IGF-II), intermittent fasting and protein-restriction, but not calorie restriction, were shown to reduce IGF-I levels [83] . Importantly, high levels of fasting blood insulin have been associated with increased risk of cancer in general [84] , and more precisely, of breast [85] , pancreas [86] , and prostate [87, 88] cancers. For colorectal carcinoma, there is conflicting evidence; while some studies detected increased risk of CRC in patients with high fasting blood insulin [89] , other studies failed to detect this association [90] [91] [92] . Likewise, whereas some studies associate IGF-I or IGF-II with increased risk of colorectal carcinoma [93, 94] and several other types of tumors [95] [96] [97] , other reports failed to detect this association [98] [99] [100] [101] [102] [103] [104] .
Blood Glucose: Fasting blood glucose is decreased by both calorie restriction [80] and by periodic fasting [105] . In turn, high fasting blood glucose levels are associated with increased risk of prostate [106] , pancreas [107] , lung [108] , or stomach [109] cancers. More relevant for this revision, increased blood glucose levels are significantly associated with increased CRC risk in several studies [110] [111] [112] .
Leptin: Leptin is a cytokine secreted by the adipose tissue (also called adipokines). In particular, leptin is released shortly after feeding and regulates satiety signals in the central nervous system. Leptin is decreased with calorie restriction [113] and intermittent fasting [114, 115] , and is increased with obesity due to the development of leptin resistance [116] . Increased blood leptin is associated with increased risk of developing breast [117] or thyroid [118] cancer. Interestingly, certain polymorphisms in the leptin gene have been associated with increased CRC in women [119] . However, no changes in serum leptin were found in CRC patients [120] , and in fact, increased expression of leptin and leptin receptor in CRC samples was associated with better prognosis [121] . Therefore, the role of leptin in CRC is still unclear.
Adiponectin: Adiponectin is another adipokine that is decreased in obese individuals and increase with weight loss [122] . Decreased serum adiponectin has been associated with higher risk of several types of cancer [123] , including breast cancer, especially in postmenopausal women [124, 125] ; endometrial cancer, especially in younger women [126] with reported but controversial anti-cancer effects; gastric cancer [127] ; prostate cancer [128] ; and some types of myeloblastic leukemias [129] . As for CRC, several reports have shown an inverse association between serum adiponectin and CRC risk [130, 131] , although other reports failed to detect this association [132] .
Ketone bodies: Ketone bodies are generated in the liver from fatty acids when fasting, constituting the main energy source for many organs [133] . Many preclinical models have shown anti-tumoral effects of ketogenic diets [134] . In humans, only case reports or pilot studies have been performed to date, but many of them showed very positive effects of this type of diet, supporting further research in this direction [134] .
Systemic inflammatory cytokines: Serum levels of several cytokines, including TNFα, IL-8, and IL-4, among others, are elevated in patients with CRC, and some studies have suggested that increased plasma levels of these cytokines may have a prognostic value [135] . Nutritional ER interventions are shown to lower the levels of circulating proinflammatory cytokines in humans and preclinical models [136] [137] [138] , representing one of the ER-associated mechanisms against tumor development and growth.
Fundamental Cellular and Molecular Adaptations Induced by Energy Restriction in Oncology
Central mechanisms of ER have been investigated and reviewed in recent decades, many of them with implications for fundamental aspects of the well-defined hallmarks of cancer [139, 140] . Herein, we focus on reviewing the main signaling pathways involving intracellular energetic sensors and cellular metabolic responses that influence growth and survival in cancer cells, and how these processes can be modulated by ER (Figure 2) .
Warburg effect and reactive oxidative species (ROS): uncontrolled growth and proliferation impose a high energetic demand that needs to be supported by a metabolic shift in cancer cells. Glucose and glucogenic amino acids are used to fuel aerobic glycolysis and its end product lactate, at the expense of mitochondrial oxidative phosphorylation, a process known as the Warburg effect [68] . These unique metabolic features are also recognized as promoters of enhanced resistance to chemotherapeutic agents in these cells [141, 142] .
Cancer cells also exhibit deregulation of reactive oxygen species (ROS) homeostasis. Imbalance between ROS production and detoxification, likely by impaired antioxidant capacity, amplifies oxidative protein, lipid and DNA damage, genomic instability, and DNA mutations, thus contributing to cancer development and progression. In this line, genetic ablation of the master regulator of anti-oxidative defense, NRF2, or its downstream intermediaries (i.e., NQO1), favors tumor growth in chemical-induced models of tumorigenesis [143, 144] . Redox signaling and endoplasmic reticulum stress (ERS) constitute other pro-tumorigenic mechanisms driven by ROS. It has been reported that ROS-mediated inhibition of the tumor suppressor PTEN hyperactivates AKT and mTORC1, therefore contributing to deregulated control of energy metabolism and neoplastic proliferation (reviewed in [145] ). Likewise, chronic activation of the ERS sensors (IRE1α, ATF6α, and PERK) promotes unfolded protein response (UPR), favoring cancer cell autonomous and non-autonomous processes that lead to an immunosuppressive and pro-tumorigenic microenvironment [146, 147] . Importantly, excessive ROS surpassing the antioxidant capacity threshold may result in severe ERS, unsustainable macromolecular damage, and cellular death [146, 148] . In fact, increased susceptibility to ROSand ERS-inducing cell death is documented for cancer cells, representing a window for multiple ROS-and ERS-driven anti-cancer therapies oriented to either increase the rate of OXPHOS or ROS production [149] , ERS induction [150, 151] , or to inhibit ROS scavenging [149] . In the context of CRC, Rubio-Patiño and colleagues showed in different mouse cancers models of CRC that mice fed a low-protein diet prompted the induction of IRE1α and RIG1 signaling downstream of ERS, resulting in increased levels of cytokines, effective assembly of the immune response, and reduced colorectal tumor growth [146] . In another study, stimulation of the transcription factors ATF6 and XBP1 downstream of PERK signaling reduced proliferation of colorectal cancer cells [152] . Likewise, ROS-based therapies have been extensively investigated in CRC [148] .
In this scenario, protective benefits of ER against cancer may rely on several mechanisms. On one hand, implementation of ER strategies may induce tumor-cell-specific ERS and cell death, as reported for a low-diet protein. On the other hand, ER is shown to consistently induce mitochondrial biogenesis and to stimulate OXPHOS [153] . Restriction in glycolysis and glutaminolysis concomitant with increased fatty acid lipolysis and ketogenesis also represents an ER-dependent metabolic mechanism with anti-cancer properties [140] . Bianchi and colleagues reported that complete fasting (48 h) reverses the Warburg effect, increases OXPHOS, and promotes ROS generation and apoptosis [69] . This metabolic reprogramming is partly mediated by the activation of the transcription factor PPARα [140] . Indeed, exogenous administration of PPARα agonists has been shown to inhibit cell growth in CRC cell lines [154] .
AKT/mTOR pathway: Binding of extracellular growth factors such as IGF-1 or insulin to tyrosine kinase (TK) receptors triggers the activation of mitogen signaling pathways through multiple downstream intermediaries, including PI3K, AKT, and the molecular machinery responsible for ribosome biogenesis and protein translation (mTORC1, 4EBP1, S6K1, RPS6). These pathways are well-recognized as hallmarks of cancer and regulate glycolysis, cell growth, and proliferation, as well as resistance to apoptosis, angiogenesis, and metastasis [68] . In this scenario, targeting PI3K/AKT/mTOR has become of high interest in the field of cancer and CRC, with a number of anti IGF-1 antibodies and tyrosine kinases or AKT/mTOR inhibitors being tested in numerous clinical trials [155] [156] [157] . Likewise, the PI3K/AKT/mTOR pathway is central in the development and progression of CRC [157, 158] . Additionally, mTOR is found upstream of many genetic alterations responsible for CRC carcinogenesis [159] , and multiple CRC cells lines contain mutations of the PI3K/PTEN/AKT pathway [157] . As described above, reduction of circulating proliferative signals (i.e., insulin, glucose, IGF-1, and other GFs) is strongly achieved by ER, and a consequential downregulation of intracellular mitogenic signaling in tumors has also been observed [160] . Combined effects of systemic and intracellular processes on proliferative pathways constitute an essential advantage prompted by ER against cancer.
AMPK, autophagy, and SIRT1: The sensing capacity of growth signals and nutrient availability is essential to trigger adaptive metabolic responses favoring tumor growing. AMPK and SIRT1 are two crucial nutrient sensors modulated by ER that influence cell metabolism and energetic homeostasis, and therefore are deeply implicated in fundamental cell processes, such as proliferation, autophagy, or apoptosis [140] . AMPK senses the intracellular levels of ATP/AMP to adjust catabolic or anabolic pathways in response to oxidative stress and energy demand. AMPK activation inhibits the mTOR pathway, promotes fatty acid oxidation [161] , disables the Warburg effect by restricting anaerobic glycolysis and promoting mitochondrial respiration [162] , and plays an essential role in maintaining redox homeostasis by balancing NAD(P)H/NAD(P) + ratio levels [163, 164] . Since cancer is concomitant with a metabolic status of a high energetic demand, AMPK activators are suitable targets for cancer therapeutics [165, 166] . ER-based strategies decrease ratios of ATP/AMP, which translates into activation of AMPK and phosphorylation-mediated activation of mTORC1 inhibitors, contributing to reduced cell growth and proliferation [167] . It should be taken into consideration that although AMPK is traditionally considered as a tumor suppressor gene, higher levels of AMPK have been associated with chemoresistance in many cancer types [168] , and elevated expression of AMPK correlates with some clinicopathological factors of poor prognosis for breast cancer [169] . Jeon and colleagues revealed that AMPK activation is surprisingly connected to NADPH homeostasis and enhanced stress resistance to promoting cancer cell viability under certain conditions, such as hypoxia and metastasis [170] . Thus, increasing evidence suggests that AMPK may have cancer-promoting roles. This discrepancy has been also documented for CRC cancer. Simultaneous activation of AMPK and MAPK signaling was associated with better prognosis in a study with 718 CRC cancer samples [171] . On the other hand, Wang et al. demonstrated that high levels of AMPKα1 correlates with poor prognosis in CRC patients [172] . Since AMPKα1 confers survival advantages, inhibition of AMPKα1 promotes CRC cell death, likely by attenuating glutathione metabolism [172] . Moreover, AMPK has been recently reported to be directly implicated in CRC relapse and metastasis, since it promotes the survival of cancer stem cells by reprogramming their metabolism [173] . In this scenario, understanding the double-edged sword of AMPK in the context of cancer, and particularly CRC, remains a challenge.
The activation of AMPK by ER induces cancer cell autophagy, a fundamental process in recycling unnecessary or dysfunctional cellular components to sustain mitochondrial metabolic function and energetic homeostasis [140, 174] . Under nutrient scarcity conditions, activation of AMPK also induces SIRT1 activity [175] . Likewise, autophagy is also stimulated by SIRT1. The family of SIRTs proteins sense NADH/NAD + ratios and exert NAD + -dependent deacylase or mono-ADP-ribosyltransferase activities, playing central roles in metabolism, transcription, apoptosis, inflammation, and stress resistance in the context of aging and cancer [139] .
ER is shown to increase NAD + levels, stimulate SIRT1, and promote autophagy [176, 177] . Therefore, preventing toxic accumulation of protein or organelles and oncogenic signaling through autophagy represents another defensive influence mediated by ER-based strategies against cancer and CRC [178] , although different sensitivities for autophagy inhibition in CRC have been described [179] . Importantly, contradictory implications for autophagy and SIRT1 in carcinogenesis and CRC are also found, with oncogenic or tumor suppressive functions depending on the cancer type and the particular background or tumor microenvironment [174, 178, 180, 181] . A systematic meta-analysis carried out by Zu et al. also revealed that SIRT1 expression correlates with depth of invasion and predicts a poor overall survival [182] . Therefore, understanding the roles of autophagy and SIRT1 in specific contexts, tumor microenvironments, and different stages is essential to apply autophagy-and SIRT1-driven strategies for the prevention of CRC development and reduction of CRC malignancy and progression.
Chemical-Induced Models of CRC: Impact of Energy Restriction
A common method to induce intestinal tumorigenesis in animal models consists of the inoculation of certain types of drugs, such as methylazoxymethanol acetate (MAM), N-methylnitrosurea (MNU), azoxymethane (AOM), or 1,2-dimethylhydrazine (1,2-DMH). The vast majority of studies reveal protective effects of ER strategies for tumor development and tumor growth when using these methods (Figure 3) . In male Sprague-Dawley rats, sustained 25% dietary restriction (DR) intervention conferred advantageous effects after a single inoculation with MAM [183, 184] . Continuous reduction (30%) of energy intake significantly lessened tumor number and tumor size in male F344 rats, assessed at 32 weeks after a second subcutaneous injection of AOM [185] . In this case, rats were challenged with a high-fat diet (HFD) to enhance tumor progression. In another study in rats, 5 intraperitoneal injections (once a week for 5 weeks) of AOM beginning at the age of 10 weeks were followed by 20 weeks of CR regimen set at 30% reduction of daily calories. This strategy was sufficient to diminish the number of colon tumors and was concomitant with reduction of inflammatory cytokines, IGF-1, and cell proliferation, the latter assessed via immunohistochemistry for proliferating cell nuclear antigen (PCNA) [186] . In this study, CR also increased levels of IGFBP-3 and induced cellular apoptosis. Importantly, several miRNAs (mir-425, mir-196, mir-155, mir-150, mir-351, mir-16, let-7, mir-34, and mir-138) were found differential to be expressed between interventions, providing insights into the mechanistic effect of the protection against carcinogenesis induced by CR in this model [186] . Tumor incidence and tumor number were also significantly reduced in the outbred ICR (Institute of Cancer Research) mice strain injected with AOM and fed over 13 weeks to 20% CR when compared with ad libitum (AL) controls. Colon tumor protection was concomitant with reduction and augmentation of mRNA levels of the anti-apoptotic Bcl-2 and proapoptotic Bax, respectively [187] . In another study, 40% of CR was sufficient to diminish the number of rat preneoplasic colonic aberrant crypt foci (ACF) only 5 weeks after DMH-treatment. When compared to AL regimen, CR was associated with reduction of colonic mucosa proliferation, reduction of cell cycle-progression genes (surviving and cyclin D1), and augmentation of all SIRT1-7 mRNAS [188] . increased levels of IGFBP-3 and induced cellular apoptosis. Importantly, several miRNAs (mir-425, mir-196, mir-155, mir-150, mir-351, mir-16, let-7, mir-34, and mir-138) were found differential to be expressed between interventions, providing insights into the mechanistic effect of the protection against carcinogenesis induced by CR in this model [186] . Tumor incidence and tumor number were also significantly reduced in the outbred ICR (Institute of Cancer Research) mice strain injected with AOM and fed over 13 weeks to 20% CR when compared with ad libitum (AL) controls. Colon tumor protection was concomitant with reduction and augmentation of mRNA levels of the anti-apoptotic Bcl-2 and proapoptotic Bax, respectively [187] . In another study, 40% of CR was sufficient to diminish the number of rat preneoplasic colonic aberrant crypt foci (ACF) only 5 weeks after DMH-treatment. When compared to AL regimen, CR was associated with reduction of colonic mucosa proliferation, reduction of cell cycle-progression genes (surviving and cyclin D1), and augmentation of all SIRT1-7 mRNAS [188] . The interplay between dietary composition and dosage of ER has also been investigated in chemically induced models of CRC. Male F344 rats were given 2-AOM injections once a week at the age of 7 weeks. Thereafter, rats were fed to 20% CR on a low-fat diet (LFD), or fed to 10%, 20%, or 30% CR regimen on a HFD for the next 32 weeks. Unexpectedly, 20% CR on LFD did not significantly reduce tumor incidence (i.e., % of animals with tumors) or tumor multiplicity (i.e., number of tumors The interplay between dietary composition and dosage of ER has also been investigated in chemically induced models of CRC. Male F344 rats were given 2-AOM injections once a week at the age of 7 weeks. Thereafter, rats were fed to 20% CR on a low-fat diet (LFD), or fed to 10%, 20%, or 30% CR regimen on a HFD for the next 32 weeks. Unexpectedly, 20% CR on LFD did not significantly reduce tumor incidence (i.e., % of animals with tumors) or tumor multiplicity (i.e., number of tumors per animal) when compared to LFD controls fed ad libitum (AL) [190] . In the context of an obesogenic diet, a significant dose response was observed, with chronic reduction of 20% and 30%, but not 10% HFD, exhibiting a strong cancer protection for the above-mentioned parameters. Tumor progression in these groups diminished to levels closely related to LFD-AL controls [190] . In another study, F344 rats were injected with AMO, fed AL for 11 weeks, and then separated into LFD and HFD in the presence or absence of 20% CR for another 12 weeks. At the end of the intervention, CR significantly diminished rat preneoplasic colonic aberrant crypt foci (ACF) in a diet-independent manner, with a positive correlation observed between daily energy intake and the number of ACF/colon [191] . A follow-up study from the same authors subjected F344 rats to AL regimen for 16 weeks after the injection with AOM. Thereafter, rats were fed for another 12 weeks with LF or HF diets in the presence or absence of CR. Although levels of ACF were reduced independently of fat content after 6 weeks of CR, the appearance of advanced ACF (higher crypt multiplicity) was also observed in the context of LFD but not HFD [192] . These studies clearly indicate that calories and dietary fat are both cancer-promoting factors [193, 194] , in agreement with epidemiological data supporting the association between energy balance and the prevalence of metabolic diseases (i.e., obesity, metabolic syndrome, or NAFLD) with colon cancer. Furthermore, they reinforce the notion that CR effectiveness may be influenced by dietary fat content and dose of energy reduction. In another study, the incidence of colonic carcinogenesis after administration of 1,2-DMH was significantly reduced in rats fed for 6 months to 40% less calories than rats given AL regimen. In this article, dietary composition varied between groups, with 4% and 13.1% of fat content of rats fed to AL or CR, respectively [195] .
It should be noted that conflicting data reporting an enhanced tumorigenic effect mediated by CR implementation has also been published. In male Sprague-Dawley rats, unchanged tumorigenic response was reported between rats fed to AL or rats undergoing daily 25% dietary restriction after a single inoculation with MNU [184] . In a similar study, rats that were 25% continuously restricted from day 63 after MAM injection or rats undergoing 25% restriction every-other day from day 8 or day 31 after the injection showed no significant reductions of intestinal tumors when compared to AL controls [183] . Since in this study tumor protection was successfully achieved when 25% CER was implemented early on (from day 100), these data are in agreement with the current notion that beyond energy reduction, onset of treatment or feeding schedule represent important energy intake factors for tumor outcome [14] . In another study, rats exposed for 56 days to 40% of food deprivation after a single injection of DMH resulted in enhanced formation of early tumorigenic lesions, likely by suppression of serotonergic activity in colon tissue, which has been described to promote early steps of cancer development [196] . This study suggests that short periods of ER may not show the potential to protect against colon carcinogenesis. Fasting for 4 days was also shown to enhance growth of ACF in rat colon and rectum after exposure to AOM on the same day of refeeding. In this study, while fasting induced apoptosis and reduced cell division, refeeding resulted in higher percentage of S-phase cells, even after 2 days of AOM injection [197] . These studies, beyond implying cautiousness when applying ER strategies as anti-cancer therapies, highlight the need to acutely understand how tumor outcomes are influenced by multiple factors, such as method of induction, dose of CR, diet composition, feeding schedule, or the onset of ER intervention.
Transplantation Models of CRC: Influence of Energy Restriction
Transplantation models for the study of colon cancer have been extensively detailed by McIntyre et al. [189] . These models include: (1) xenografts, or subcutaneous injection of CRC cell lines (such as HCT116, HT29, CT26, or MC38) into immunosuppressed mice; (2) orthotopic xenografts, or injection of CRC cell lines into intestinal serosa in immunosuppressed mice; (3) patient-derived xenografts (PDXs), wherein tumor fragments are sutured from patients to immunodeficient mice; and (4) syngrafts or isografts, where tumor fragments are sutured from mice to genetically identical, inbred, immunocompetent mice. Among these alternatives, only a few studies using xenografts have examined the anti-cancer effects of ER (Figure 3 ). In 2013, Harvey et al. implemented 30% CR in female C57BL/6 mice for 21 weeks prior to injection of tumorigenic MC38 cells. At 24 days after injection, CR-fed mice exhibited lower tumor volume concomitant with reduced body weight, body fat, serum IGF-1, leptin, and insulin. Tumorigenic gene signature was characterized by reduced expression of inflammatory and cancer-related genes, such as IL6, IL-1B, TNFα, or cyclooxygenase 2 [198] . More recently, short-term starvation (STS, consisting of 48 h of complete food deprivation with free access to water) implemented at 1-week intervals was sufficient to reduce tumorigenesis in BALB/c mice after injection of CT26 cells [69] . Combination of STS with the chemotherapy agent oxaliplatin (OXP) potentiated the effects on the progression of colorectal tumors. Increased tumor chemosensitivity was associated with reduction of the "Warburg effect" in tumoral cells. In this regard, reduced glycolytic rate and increased oxygen consumption or oxidative phosphorylation was concomitant with failure to generate ATP, likely due to deficiency in glucose and amino acid availability, which resulted in oxidative damage and cellular apoptosis [69] . STS-mediated reduction of tumor volume has been also reported to be effective after injection of HTC116 cells in BALB/c mice [59] . Likewise, combination of STS with Regorafenib, a multi-target tyrosine kinase inhibitor (TKI), potentiated the anti-cancer effects, likely by improving the TKI-mediated inhibition of transcription driven by mitogen-activated protein kinase [59] . Alternate day fasting, consisting of alternate days of complete fasting and ad libitum diet on non-fasting days, has been also shown to be protective against cancer progression induced by CT26 cells [199] . In this article, suppression of M2 polarization of tumor-associated macrophages was reported to be a fundamental process induced by fasting to reduce colorectal tumor growth, likely mediated by a deficit of adenosine in the tumor microenvironment [199] . The effect of dietary composition against colorectal tumorigenesis has also been studied using MC38 cells. Obese mice (where obesity was induced by high-fat (HF) diet consumption) were kept for 15 weeks on a low-carbohydrate diet (LC), a high-carbohydrate diet (HC), or a HC diet in combination with 30% of CR (HC-CR). Compared to control HF group, LC and HC alone were not sufficient to reduce tumor growth in obese mice, despite the lower body weight and lower levels of IGF-1 and leptin in the HC group. Contrary, HC-CR group exhibited the longest time to palpable tumors, lower percentage of mice with tumors, and reduced tumor size [200] . Overall, the use of xenografts has demonstrated advantageous effects of ER in the protection against colon carcinogenesis. Nonetheless, these studies are carried out by subcutaneous implantation of CRC cells followed by the cellular and molecular analysis of the tumor at the primary site or location, which may not recapitulate fundamental processes of colorectal growth and progression, such as interaction between tumor cells, stroma, or the immune system. Since these models may not be fully representative of the pathophysiology of CRC, results must be interpreted with caution.
Genetically Engineered Mouse Models of CRC: Effects of Energy Restriction
Mouse models genetically engineered (GEMM) for the most frequent mutated genes in CRC are also available. A detailed description of the advantages and disadvantages for each model has been given elsewhere [189] . Examples of implementation of ER-based strategies have been published for three of these models (Figure 3 ). In 2003, Mai et al. found that implementation for 15 weeks at 40% CR to 9-week-old male Apc Min mice resulted in 57% reduction of the frequency of intestinal polyps, concomitant with reduced levels of serum IGF-1 and leptin [201] . In another study, 15-week-old Apc 1638/N+ mice underwent 40% of CR for 12 weeks. Importantly, formation of macroadenomas was significantly reduced in males fed to CR, but not in females. CR diet also failed to reduce body mass, adiposity, or serum levels of glucose, insulin, or leptin in females [202] . Despite no effect on these parameters, CR enhanced survival in females, a phenomenon that was not observed in males.
In a third study, Apc Min/+ mice at the age of 5 or 10 weeks were fed a diet devoid of methyl donors (MDD) (i.e., folate, choline, methionine, and vitamin B12) [203] . Although no effect was observed in colon tumor formation or size in the colon, feeding with this MDD diet suppressed formation of small intestinal tumors when started at 5 but not 10 weeks of age. Since MDD group also reduced body weight, suggestive of reduced caloric intake, the authors assessed a second study including a pair-fed (PF) group with MDD. Of note, the PF group also showed lowered number of small intestinal tumors, although the anti-cancer effect was exacerbated in MDD group. Despite this few studies, the efficacy of ER-based interventions against colon carcinogenesis using GEMM remains to be explored.
Energy Restriction and Clinical Trials in CRC
Only one clinical trial has been performed that specifically examines the effects of ER intervention for the prevention of CRC (NCT00653484; Table 1 and Figure 1 ). This study, with no available publications yet, aimed to identify beneficial effects of a 12-week dietary restriction intervention (−2000 kcal/week), with or without physical activity (+1000/−1000 kcal/week), in colorectal-carcinoma-predisposed healthy, overweight, or mildly obese individuals. Prevention of all-type cancers (CRC included) through energy restriction was assessed by the CALERIE trial (NCT00099151, NCT00427193, NCT00099099; Table 1 and Figure 1 ) and the Healthy Nutrition and Energy Restriction as Cancer Prevention Strategies (HELENA): a Randomized, Controlled Intervention trial (NCT02449148; Table 1 and Figure 1 ). The CALERIE study tested whether long-term CER in a population with body max index (BMI) between 22 and 30 improves risk factors of longevity in humans and prevents some age-related chronic diseases, including cancer. The HELENA trial implemented 50 weeks of continuous (20% of daily energy deficit) or intermittent caloric restriction, the latest in the form of "5:2 diet" (5 days/week at regular energy intake and 2 days/week at a ∼75% energy deficit) among 150 overweight or obese individuals. Based on the analysis of body composition, anthropometrics, adipose tissue gene expression, and metabolic biomarkers, the authors concluded that the effects of IER may be equivalent but not superior to CER for weight reduction and prevention of metabolic diseases [204] . Two other clinical trials (NCT02960711 and NCT00467220) aim to examine the effects of dietary restriction on the risk for cardiovascular disease and cancer; and to prevent age-related, chronic, non-communicable diseases, including cancer, respectively. In patients with any malignant neoplasm in which CRC could be comprised, six additional trials aim to determine the safety and feasibility of several fasting strategies, including the month of Ramadan (NCT00757094); short-term fasting for up to 72 h, mostly prior to chemotherapy (NCT01175837, NCT00936364, and NCT02607826); or 8 cycles of fasting-mimicking diet (FMD) (NCT03340935). The FMD is a patented plant-based, low-calorie, low-protein, and low-carbohydrate diet designed to mimic fasting while providing adequate micronutrients (vitamins, minerals, etc.) and minimize the burden of fasting [30] . Periodic cycles (5 days a month, 600 Kcal on day 1 followed by 300 KCal/day on days 2 to 5) of this diet followed by a normal feeding regimen promotes increased lifespan in humans [30] . A Phase II clinical study on FMD diet in patients undergoing breast and colorectal oncologic treatment is currently recruiting (NCT03595540; Table 1 and Figure 1 ). Except for the HELENA trial, publications from these trials are not available.
Future Directions
Convincing evidence demonstrates numerous physiological benefits associated with ER-based interventions. Enhancement of health and improvement of molecular markers of aging seem to translate well between model organisms and humans under different forms of ER. In the context of cancer, preclinical models have been useful tools to decipher organismal adaptations to fasting and the cellular and molecular responses that occur in cancer cells in response to nutrient scarcity. These findings have paved the way to conceive ER interventions as feasible strategies with the potential to prevent or delay the appearance of cancer and to reduce chemotherapy toxicity in the treatment of several types of cancer. In this revision, we have acknowledged 39 recent clinical trials using ER approaches for these purposes, with 13 of them still enrolling, recruiting, or active but not recruiting subjects (Table 1) . Despite the fast growth of ER usage against cancer, clinical data from these studies is still not available, with only 4 research articles published to date (see Table 1) ; while promising, one should remain cautious about these interventions. Others have put forward concerns regarding weight-loss or reduction of protein intake reached with ER, which largely disagree with nutritional recommendations for cancer care and may aggravate age-associated risk of malnutrition or sarcopenia in cancer patients [205] . In this context, nutritional supplements or combination of ER with exercise may be reasonable approaches to minimize ER side-effects while maximizing ER advantages [206] . It must be stated that conflicting data reporting absence or even undesirable pro-carcinogenic effects in response to ER should not be underestimated in the race to translate these interventions to humans. For example, there was an increase in pulmonary colonization and metastasis in mice undergoing 30% CR, despite an evident reduction of growth of B16 melanomas at the primary site [207] . As suggested by García-Jiménez et al., starvation in the tumor micro-environment may promote a proliferative-to-invasive phenotypic transition in cancer cells, likely by phosphorylation of eIF2α, linking cell starvation and metastasis [208] . Compiled information from the Dutch population during World War II also insinuates that food restriction may even increase tumor risk in humans [209] , even though this effect could be due to malnutrition in addition to the ER. Therefore, as of today, precaution should still be exercised in this field. In the context of CRC, it is our belief that a significant challenge lies ahead for the scientific community and should precede the conversion of ER interventions to the clinic. In preclinical models of CRC, we have accounted for 20 studies in which ER interventions are applied (12 for carcinogenic-induced models with chemicals, 5 for transplantation of CRC cell lines, and 3 using genetically modified mouse models of CRC; Figure 3 ). In our opinion, findings from this work are convincing. However, ER effects are not always universal [210, 211] ; the impact of uncharacterized modulators of the response to ER, such as sex, dose, meal frequency, timing, circadian rhythms, or length of fasting times in cancer, remains to be fully understood. Of note, only 1 clinical trial is exclusively targeting CRC cancer, with 10 other trials recruiting all-type cancers in which CRC is also comprised. Personalized nutritional practices in CRC patients may require special attention to avoid possible ER-or age-associated malnourishment or sarcopenia, since the mean age at diagnosis for this type of cancer is 67 years [3] , and advances stages are usually concomitant with cachexia [212, 213] . In closing, with this review we intend to stimulate further research to (1) address comparative ER interventions in CRC models, to (2) improve our understanding of the fundamental mechanisms underlying the favorable effects of ER in CRC, and to (3) use this new information to successfully develop personalized, effective, and safe ER interventions for treatment in CRC patients. 
